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ABSTRACT

CLASSIFICATION OF NEURONAL NICOTINIC ACETYLCHOLINE RECEPTORS
IN RAT CA1 HIPPOCAMPAL INTERNEURON SUBPOPULATIONS
DEFINED BY CALCIUM-BINDING PROTEIN
mRNA EXPRESSION

Richard M. Burgon
Department of Physiology and Developmental Biology
Neuroscience Center
Master of Science

In this study, the single-cell relative quantitative mRNA expression of three
Calcium-binding proteins (CaBPs; calbindin, calretinin, parvalbumin) and eight nicotinic
acetylcholine receptor (nAChR) subunits (α2−α5, α7, β2−β4) from interneurons from
the stratum radiatum or stratum oriens within the CA1 region of rat hippocampi was
analyzed using quantitative real time RT-PCR. Eighty-seven percent of the interneurons
examined expressed CaBP mRNA. Parvalbumin mRNA was detected in 64%, while
calbindin and calretinin expression was detected in 26% and 40% of interneurons,
respectively. CaBP expression was not exclusive; the average number of CaBP mRNA
detected per interneuron of the 47 interneurons examined for CaBP was 1.3. There was

v

no significant difference between the proportion of CaBPs expressed in the stratum
radiatum compared to the stratum oriens. However, interneurons from the stratum
radiatum expressed significantly higher relative levels of mRNA for calbindin. Eightyfour percent of the 31 interneurons examined for both CaBP and nAChR subunits
expressed nAChR subunit mRNA; the average number of nAChR subunits detected per
interneuron was 2.9. Furthermore, of the 24, 140, and 168 possible combinations of 2-, 3-,
and 4-way co-expression between CaBP+nAChR mRNA, respectively, only two
significant

3-way

combinations

were

detected:

parvalbumin+a3+a5

and

parvalbumin+a5+b4. This study reports that subpopulations of nAChR-containing
interneurons defined by quantitative CaBP mRNA expression or CaBP+nAChR coexpression do exist within the CA1 region of the hippocampus.
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INTRODUCTION
The nervous system is made up of complex networks of various types of neurons.
The identification and classification of these neurons is essential to understanding neural
functions. Interneurons within the hippocampus are particularly heterogeneous, which has
made classification and characterization of the networks they are involved in particularly
challenging. Research seeking to identify interneuron similarities has identified complex
and extremely varied subpopulations. Interneurons within the hippocampus have been
characterized in a variety of methods including traditional schemes such as anatomical
morphology (Buhl, Halasy et al. 1994), action potential spike pattern (Parra, Gulyas et al.
1998), receptor pharmacology (Freund and Buzsaki 1996) (Albuquerque, Pereira et al.
1998), and synapse location (Alkondon and Albuquerque 2001).
Recently, Maccaferri et al. demonstrated that classification of interneurons by
examining intracellular expression of the calcium-binding proteins (CaBPs) parvalbumin,
calbindin, and calretinin provided an effective means for defining interneuron
subpopulations within the hippocampus (Maccaferri and Lacaille 2003).
Interneurons containing CaBPs have been categorized morphologically (Gulyas,
Megias et al. 1999; Emri, Antal et al. 2001), utilized to delineate functional mapping in the
brain (Wouterlood, Grosche et al. 2001; Pantazopoulos, Lange et al. 2006), and have been
used in identifying pharmacological correlations in disease (Arabadzisz and Freund 1999;
Dudina 2005; Haworth, McCormack et al. 2006). Parra et al., in a study of 52 interneurons,
identified sixteen different cell morphologies, three different action potential spike patterns,
and twenty-five different pharmacological profiles; no two interneurons shared such
groupings (Parra, Gulyas et al. 1998). Therefore, further categorizations must be identified
to establish network or subpopulation groupings among these extremely heterogeneous
interneurons.
Richard M. Burgon
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It has previously been demonstrated that interneurons within rat hippocampi express
nicotinic acetylcholine receptors (nAChRs) in a manner homologous to humans (Jones and
Yakel 1997). nAChRs are pentameric ligand-gated ionotropic protein channels. The family
of nicotinic acetylcholine receptors is so named because of its sensitivity and activation in
response to nicotine binding. Neuronal nAChRs, those expressed in the central and
peripheral nervous systems (CNS, PNS), consist of a variety of combinations of twelve
known homologous subunits (α2− α10 and β2− β4) (Dani 2001).
Within the hippocampus, the pentameric nAChR is assembled by various
combinations of eight subunits:α2-α5,α7,and β2-β4 (see Figure 1). The nAChRs in
hippocampal interneurons are in a key position to modulate cognitive functions because
interneurons play a major role in coordinating hippocampal activity, reviewed in (Freund
and Buzsaki 1996). Accordingly, nAChRs have been implicated in diseases affecting
cognition, of which Alzheimer’s disease is the most principle (Gray, Adle-Biassette et al.
1996).
Compositional variations of nAChR subunits within the hippocampus have been
shown to mediate nicotinic receptor kinetics (Sudweeks and Yakel 2000) and enable
plasticity in interneuron function (Alkondon and Albuquerque 2001). Of the eight nAChR
subunits, α7 has been studied most extensively. Use of subunit-specific antagonists to α7
homomeric receptors (either α-bungarotoxin or methyllycaconitine) has provided an
important tool in isolating contributions of this subunit in receptor kinetics, physiology, and
disease. High-affinity binding, for example, has been shown for α7 to β-amyloid, a peptide
implicated in Alzheimer’s disease (Wang, Lee et al. 2000), which binding results in the
blockage of current flow through the nAChR (Pettit, Shao et al. 2001).

Richard M. Burgon
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Figure 1. Illustration depicting pentameric assembly
of nAChR (Georgi 2004)

Richard M. Burgon
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The lack of other highly subunit-specific antagonists of the nAChR has impeded
progress in characterizing the roles of other subunit combinations to the extent of α7. Until
more subunit-specific agents are discovered, other means for characterizing the individual
nAChR subunits must be examined. On-going studies to characterize the extent of nAChR
subunit co-expression within individual neurons may identify trends shared by functionally
distinct networks or subpopulations of neurons (Jones, Sudweeks et al. 1999). In addition,
the identification of co-expression trends between nAChR subunits and other
neurochemical markers may facilitate more comprehensive characterization of the nAChR
and of neuronal subpopulations.
Whereas traditional qualitative characterizations have reported difficulty in the
identification of interneuron-specific networks, quantitative analyses may provide an
avenue for effectively defining and categorizing interneuron networks in the CA1 region of
the hippocampus.
In this study, we analyzed quantitative intracellular mRNA expression of nAChR
subunits together with Calcium-binding protein mRNA within the CA1 region of the
hippocampus as a means to characterize the nAChR subunits as defined by CaBP
subpopulations of interneurons. Whereas previous studies have analyzed the concentration
of calbindin within single cells via immunohistochemistry techniques (Muller, Kukley et al.
2005), our study constitutes the first-known analysis to-date of CaBP mRNA expression
(calbindin, calretinin, and parvalbumin) compared to nAChR subunit mRNA expressions
for (α2−α5, α7, and β2−β4) within single interneurons using quantitative real-time RTPCR.

Richard M. Burgon
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MATERIALS AND METHODS
Slice Preparation
To obtain the interneurons, coronal brain slices (either 300 or 350 µm thick) were
made from 8 to 23 day old Wistar rats using a Vibratome 1000-Plus (Pelco, Redding, CA).
The slices were cut in ice-cold oxygenated (95% O2, 5% CO2) artificial cerebro-spinal fluid
(ACSF in mM: 124 NaCl, 2 KCl, 1 NaH2PO4, 26 NaHCO3, 11 Glucose, 2 CaCl2, 1 MgSO4)
and placed in room-temperature oxygenated ACSF for at least 30 minutes prior to placing
in microscope recording chamber.
Cytoplasm Aspiration
Individual hippocampal interneurons from the CA1 stratum oriens and stratum
radiatum were visually identified using an upright microscope with infrared light, and
aspirated into a standard whole-cell patch-clamp pipette (see Figure 2) (Borosilicate
capillaries, Harvard Apparatus, Kent, England) containing 5 µL Intracellular Fluid (ICF in
mM: 10 MgCl2, 0.1 CaCl2, 1 EGTA, 10 HEPES, 135 K-Gluconate, Na-2 ATP) as described
previously (Sudweeks and Yakel 2000).
Electrophysiology
A whole-cell patch clamp of the interneuron was obtained in voltage-clamp mode
prior to cytoplasm aspiration. Interneuron membrane potentials were held at -70mV. Firing
patterns obtained in current-clamp mode utilized a twenty-sweep protocol from -200 to
+300 pA in response to a 500 ms stimulus using Axon Instruments’ Multiclamp 700A
software (see Appendix A).

Richard M. Burgon
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Figure 2. Screenshot of a whole-cell patch-clamp pipette on an
interneuron in the stratum oriens prior to aspiration. (Burgon 2004)

Richard M. Burgon
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Primers and Probes
Primers and probes were purchased from Invitrogen. The primers and probes were
designed using either Vector NTI version 7.0 (Invitrogen) or Primer Express version 2.0
(ABI Prism) software.
RT Reaction
A cDNA library representing each interneuron was made by running a reverse
transcription reaction using BIORAD iScript cDNA Synthesis Kit with a final volume of 10
µl.
Multiplex Reaction and Real-time Quantitative PCR
A multiplex PCR reaction was run (15 cycles) for each aspirated interneuron using all
neuronal nAChR primers as well as primers for 18s rRNA and the Calcium-binding
proteins parvalbumin, calbindin, and calretinin (see Tables 1 and 2) with a final volume of
75 µl. The multiplex reaction was run using reagents by Invitrogen including Platinum®
Taq DNA Polymerase and PCR nucleotides (10mM). A second round of PCR was run (60
cycles) for each specific target (18s, α2−α5, α7, β2, β3, β4, parvalbumin, calbindin, and
calretinin) using an ABI 7000 Sequence Detection System (Applied Biosystems, Foster
City, CA) utilizing BIORAD iTaq Supermix with ROX. Cycle threshold values for each
target were compared to the reference gene 18s for analysis (more in Real-Time Analysis).
Standard curves (efficiency tests) for each cDNA target were developed by running
60-cycle real-time quantitative PCR assays on positive controls (rat whole-brain
homogenate) for six known concentrations (100, 33.3, 10, 3.33, 1, 0.333 ng cDNA/µL).

Richard M. Burgon
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Table 1. Summary of Amplicon lengths and oligo sequences of probes
Real-time PCR probes
nAChR β2 rat
nAChR β3 rat
nAChR β4 rat
nAChR α2 rat
nAChR α3 rat
nAChR α4 rat
revised nAChR α5 rat
nAChR α7 rat
rat Parvalbumin
rat Calretinin
rat Calbindin
18s rRNA rat

Richard M. Burgon

Amplicon Length
77 bp
145 bp
72 bp
103 bp
68 bp
356 bp
77 bp
214 bp
71 bp
78 bp
74 bp
133 bp

Probe
CCCAGCCAAGCCCTGCACTGAT
AAGGACCCCATGGACCGCTTCT
CTGGTCAGGGTCCCTCATCCCAG
CTCCATGGCTCCCCGGATCTGAA
TTGAACCTGCTCCCCAGGGTCATG
TGGGTGAAGCAGGAGTGGCACGA
TGTCTTTGCCATCAACATCCACCACC
CAAGAGCTCCTGCTACATTGACGTTCGC
CTGCTGCAGACTCCTTCGACCACAAAAA
CCAGGAGTACACCCAAACCATACTACGCATG
CATCTCAGGTGATAGCTCCAATCCAGCCT
TGGAGCGATTTGTCTGGTTAATTCCGATAAC

18

Table 2. Summary of oligo sequences of primers
Real-time PCR
primers
+ Primer
nAChR β2 rat
CTGCGGCTGACCCATGTAC
nAChR β3 rat
CCCGAGATGGCTTTGCAT
nAChR β4 rat
CGTCCCGGTCTTGAAGTCA
nAChR α2 rat
TGCCCAGGTGGCTGATG
nAChR α3 rat
TTGGGTCAAGGCCGTGTT
nAChR α4 rat
CCAGATGATGACAACCAACG
revised nAChR
α5 rat
GATTTTCGTGACCCTATCCATTATG
nAChR α7 rat
TTGCCAGTATCTCCCTCCAG
rat Parvalbumin
rat Calretinin
rat Calbindin
18s rRNA rat

Richard M. Burgon

- Primer
TGGGCTCAGCTCGGAAAG
GGAAAGCGACCAGAACTCTTTC
CAGTATCAGCTGTGGCCAAGTG
CATGTTAGTCTCTAGCCAATGGTATGA
TCACCACTGGTCGGCCTAGT
CCACACGGCTATGAATGCTC
GCGTTGTGTGTGGAGGAAGA
CTTCTCATTCCTTTTGCCAG

CAAGAAGGCGATAGGAGCCTTT

GGCCCACCATCTGGAAGAA

CCGTCCCTATGATGAACCTAAGC

TTGCCGTCTCCATTTAAGTCAA

GCTTCTGCAGGCACGAAAG

GCCCATATTGATCCACAAAGGT

GTGCATGGCCGTTCTTAGTTG

GCCACTTGTCCCTCTAAGAAGTTG
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Upstream (primer +) and downstream (primer –) primer concentrations were adjusted to
optimize amplification as reported previously. The efficiency of the amplification reaction
is calculated using the slope of the log(concentration) vs. CT plot. The formula for PCR
efficiency = 10

( −1 / slope)

− 1 (Bustin 2004).

Reaction efficiencies were run in triplicate and

the amplification efficiencies were compared using an ANOVA to determine if there were
significant differences between any of the primer/probe sets (18s, α2−α5, α7, β2, β3, β4,
parvalbumin, calbindin, and calretinin).

Real-Time Analysis
After running the real-time quantitative PCR on hippocampal interneurons, raw
fluorescence (Delta Rn) values across 60 cycles were curve-fit using a Boltzmann
Sigmoidal function with an output of either 2000 or 4000 data points in the new curve using
GraphPad ver. 4.0 (Graphpad, Prism) software. The second derivative graph for the curvefit data was then determined, also using Graphpad. The cycle threshold (CT) value used for
quantitative analysis was determined by finding the cycle number (along the x-axis)
corresponding to the maximum Delta Rn value (along the y-axis), as described previously
(Bustin 2004).
Primer Efficiencies Analysis
Triplicate reactions of each cDNA target were averaged and a linear regression
equation was calculated (SLOPE function, Microsoft Excel) of the CT values
corresponding to the six known concentrations (100, 33.3, 10, 3.33, 1, 0.333 ng cDNA/µL)
in the standard curve primer efficiency tests. The PCR efficiency was then determined by
incorporating the slope of the linear equation using the formula described above (see
Multiplex Reaction and Real-time Quantitative PCR).
mRNA Expression Analysis
Richard M. Burgon
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For comparison between cDNA targets, fold expression values from the triplicate CT
averages were calculated as reported previously, but compared to the CT value
corresponding to the lowest level of cDNA detection (Livak and Schmittgen 2001).
Significance between relative levels of mRNA expression was calculated by comparing
mean fold expression values using a Mann-Whitney test (calculated using InStat ver. 3.05,
Graphpad software).
CaBP and nAChR Subunit Correlation Analysis
For correlations between individual CaBPs and between individual nAChRs, a ChiSquared test was used to determine significance (P <= 0.01, CHIDIST function, Microsoft
Excel). Expected 2-way, 3-way, and 4-way co-expressions were determined by multiplying
proportions of cDNA incidence per interneuron within the sample size. For example, the
proportion of calbindin detected in the sample size of 40 interneurons was 0.38. The
proportion of calretinin detected was also 0.38. Therefore, the expected 2-way coexpression proportion of Calbindin + Calretinin, 0.38 x 0.38, equals 0.14.
Observed proportions of co-expression were determined by counting the incidence
that both, or all three or four cDNA targets (for 2-way, 3-way, or 4-way co-expression
combinations, respectively) were detected within the same interneuron. For example,
Calbindin + Calretinin co-expression was observed in six of the 40 interneurons examined,
an observed proportion of 0.15.

Richard M. Burgon
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RESULTS
Matching primer efficiencies to 18s
Upstream (primer +) and downstream (primer –) primer concentrations were adjusted
to match the amplification efficiency to that of the optimized 18s rRNA primer/probe set,
which was used as the reference gene in later relative quantification calculations. The
calculated amplification efficiencies for all of the primer concentration combinations tried
are shown in Table 3. The actual primer concentrations used in the analysis of neuronal
expression are shown in bold type. An ANOVA test on actual primer concentrations used
(α2−α5, α7, β2−β4, calbindin, calretinin, and parvalbumin) does not indicate significant
difference from the amplification efficiency of the reference gene, 18s.

Calcium Binding Protein mRNA Expression
Eighty-seven percent of the 47 interneurons examined for CaBP expression had
detectable mRNA expression for parvalbumin, calretinin, or calbindin. The most widely
expressed CaBP at the mRNA level was parvalbumin, which was detected in 64% of the
interneurons examined. Calretinin and calbindin were expressed in 40% and 26% of the
interneurons examined, respectively (see Figure 3). The average number of CaBPs detected
in a single neuron was 1.3. The overall summary showing the number of CaBPs detected in
individual neurons is in Figure 4.
The detection of CaBPs grouped by interneuron cell layer (stratum radiatum vs.
stratum oriens) is shown in Figure 5. The proportions of interneurons from the stratum
oriens expressing CaBP was not significantly different than the proportion of interneurons
from the stratum radiatum.

Richard M. Burgon
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Table 3. Real-time quantitative PCR tests on primer concentrations

* Though a slightly higher amplification %, the (.5+ .4-) 18s primer concentration chosen represented nine
replicates rather than three.

Richard M. Burgon
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Interneurons Expressing CaBP mRNA
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Figure 3. Interneurons Expressing CaBP mRNA. n = 47.
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Figure 4. CaBP mRNAs Detected per Interneuron. n = 47.
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3 Types

% Cells That Express CaBP mRNA by
Hippocampal Layer
80%
70%
60%
50%
40%
30%
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S. Radiatum
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S. Oriens

Figure 5. % Cells That Express CaBP mRNA by Hippocampal Layer. n = 47,

Richard M. Burgon

26

The overall relative levels of mRNA expression for each of the CaBPs detected are
shown in Figures 6 and 7. The relative levels of mRNA expression for each of the CaBPs
divided by cell layer (stratum oriens vs. stratum radiatum) detected are shown in Figure 8.
The stratum radiatum interneurons showed significantly higher fold expression of calbindin
than the stratum oriens interneurons (Mann-Whitney test, P = 0.0025).
Among the CaBPs, only the co-expression of parvalbumin + calretinin was significant
(P=0.005, Chi-Squared Test).

Neuronal nAChR Subunit Expression
Eighty-four percent of the 31 interneurons examined for nAChR expression had
detectable mRNA expression of any one or a combination of the nicotinic receptor subunits,
see Figure 9. The most widely expressed nAChR subunit at the mRNA level was β3, which
was detected in 58% of the interneurons examined. α4 was the least detected nAChR
mRNA, detected in only 6% of the interneurons examined, see Figure 10. The detected
proportions were not significant. The average number of nAChR subunit mRNA detected in
a single neuron in these 31 interneurons examined was 2.9. The overall summary showing
the number of nAChR subunit mRNAs detected in individual neurons is in Figure 10.
Though all nAChR subunits were detected in the stratum radiatum, no α4 nAChR
subunit mRNA was detected in the stratum oriens. The detection of nAChR

Richard M. Burgon
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Figure 6. CaBP mRNA Mean Fold Expression. n = 47.
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Figure 7. CaBP mRNA Fold Expression in Bins. n = 47.
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CaBP mRNA Mean Fold Expression by
Hippocampal Layer
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Figure 8. CaBP mRNA Mean Fold Expression by Hippocampal Layer. n = 47. *: P=.0025, MannWhitney Test.
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Interneurons Expressing nAChR mRNA
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Figure 9. Interneurons Expressing nAChR mRNA. n = 31.
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Figure 10. Interneurons Detected Expressing Target mRNA. Blue columns: n = 47; total for interneurons
examined for CaBP mRNA. Gold columns: n = 31; interneurons examined for both nAChR+CaBP mRNAs.
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Figure 11. nAChR mRNAs Detected per Interneuron. n=31.
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subunits grouped by interneuron cell layer (stratum radiatum vs. stratum oriens) is shown
in Figure 12, values not significant.
The overall relative levels of mRNA expression for each of the nAChR subunit
mRNAs are shown in Figure 13. The α3 and α5 subunits were detected with the highest
mean fold expression values at 79,112 and 18,398 fold, respectively. The relative levels of
mRNA expression for each of the nAChR subunits grouped by interneuron cell layer
(stratum radiatum vs. stratum oriens) are shown in Figure 13, respectively, values are not
significant for this sample size.

nAChR Co-Expression Combinations
nAChR subunit mRNA co-expression correlations determined by combining our
sample size (n = 31) with unpublished observations in our lab (Sudweeks, 2004) from the
analysis of all eight nAChR subunit mRNAs (α2−α5, α7and β2−β4) for 48 other
interneurons, are reported in Table 4, n=79. Significant values were determined using a
Chi-Squared test (P <= 0.01) to compare the “Expected proportion” to the “Observed
proportion” of the 2-, 3-, or 4-way subunit co-expression combinations.

CaBP + nAChR Correlations
Comparing CaBP + nAChR mRNA co-expression for 31 cells indicates no significant
combinations for 2-way combinations (of 24 possible combinations). Two of the 140
possible 3-way combinations are significant (P<=0.01, Chi-squared Test), see Table 5.
None of the 168 possible 4-way combinations were significant.
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Figure 12. % Cells That Express nAChR mRNA by Hippocampal Layer. n = 31.
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Figure 13. nAChR mRNA Mean Fold Expression. n = 31.
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b2

b3

b4

Table 4. Results for 2-, 3-, or 4-way nAChR subunit mRNA co-expression combinations. Includes
unpublished analyses of 48 other interneurons (Sudweeks, 2004); n = 79.
2-Way Combinations
0 out of the 28 possible 2-way subunit combinations are
significant
3-Way Combinations

Observed

Obs/Exp

10 of the 56 possible 3-way subunit combinations are significant
a3+a4+a7
a3+a4+b2
a3+a5+b2
a3+a5+b3
a3+a5+b4
a3+b2+b3
a3+b3+b4
a4+a7+b2
a5+b3+b4
b2+b3+b4

19%
22%
30%
25%
24%
28%
25%
22%
20%
24%

2.1
1.9
1.9
2.0
1.9
1.7
2.0
2.4
2.1
1.9

4-Way Combinations

Observed

Obs/Exp

19 of the 70 possible 4-way subunit combinations are significant
a2+a4+a7+b2
a3+a4+a5+a7
a3+a4+a5+b2
a3+a4+a7+b2
a3+a4+b2+b4
a3+a5+a7+b2
a3+a5+a7+b3
a3+a5+b2+b3
a3+a5+b2+b4
a3+a5+b3+b4
a3+a7+b2+b3
a3+a7+b2+b4
a3+a7+b3+b4
a3+b2+b3+b4
a4+a5+a7+b2
a4+a7+b2+b3
a5+a7+b2+b3
a5+b2+b3+b4
a7+b2+b3+b4
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10%
13%
15%
18%
13%
20%
14%
20%
19%
20%
19%
16%
15%
23%
13%
13%
15%
18%
15%

2.8
3.1
3.0
3.3
2.5
2.6
2.3
2.7
2.6
3.5
2.4
2.1
2.5
3.0
3.1
3.0
2.5
3.1
2.5
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Table 5. CaBP + nAChR Subunit mRNA Co-Expressions.
2-Way Combinations
0 out of the 24 possible 2-way combinations are significant

3-Way Combinations

Observed

Obs/Exp

Parv+a3+a5
Parv+a5+b4

32%
26%

2.9
2.5

2 out of the 140 possible 3-way combinations are significant
4-Way Combinations

Observed

Obs/Exp

0 out of the 168 possible 4-way combinations are significant
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Figure 14. nAChR mRNA Mean Fold Expression by Hippocampal Layer. n = 31.
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Figure 15. nAChR mRNA Fold Expression in Bins. n = 31.
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DISCUSSION
Previous work has identified CaBPs as candidate neurochemical markers in disease.
Kamphuis, Huisman et al. suggested that CaBPs play protective roles in the
neurodegenerative disorder of epilepsy. They reported a 20% increase in parvalbumincontaining neurons following kindling stimulation in the hippocampus of rats, while there
was a 50% reduction in those GABA neurons that did not co-express parvalbumin
(Kamphuis, Huisman et al. 1989). Other researchers, however, have reported that they
found no significant seizure-induced changes of CaBP expression in the hippocampus
(Bouilleret, Schwaller et al. 2000).
Other studies report age-related decreases in rat hippocampal interneurons expressing
calbindin (average 50% decrease) but not parvalbumin, including a 78% decrease in
calbindin-containing interneurons within the stratum radiatum in the aged rat (Potier,
Krzywkowski et al. 1994).
Immunohistochemical studies of Calcium-binding protein distribution in the CA1
region of the hippocampus in mice indicate extensive expression of calbindin-containing
interneurons in the stratum radiatum versus the stratum oriens (Matyas, Freund et al. 2004).
These studies also reported scarce parvalbumin-containing interneurons in the stratum
radiatum and the presence of calretinin-containing interneurons in both the radiatum and the
oriens. Our study identified that only 14% and 11% of the interneurons examined (n=47)
contained calbindin in the radiatum or oriens, respectively. Expression of parvalbumin was
identified in 32% of interneurons within either the radiatum or the oriens. Our findings did
correlate with those of Matyas, Freund, et al. in that calretinin was detected evenly among
either strata (with proportions of 23% and 17% within the radiatum and oriens,
respectively).
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Previous studies reporting quantitative mRNA expression between strata radiatum
and oriens found higher proportion of interneurons expressing alpha2 in the stratum oriens
and higher proportion of interneurons expressing alpha5, beta2, and beta4 in the stratum
radiatum (Sudweeks and Yakel 2000). Our findings, however, indicated no significant
difference in the detection of these subunits between the two strata (radiatum: n=21, oriens:
n=10). These discrepancies may have resulted in differences in the number of PCR cycles
performed (see Methods). In the study mentioned above, sixty-five cycles were run on their
target transcripts, while we measured amplification across seventy-five cycles of PCR.
Running a higher number of amplification cycles may have afforded us a more sensitive
analysis of the target mRNAs.
Future studies may include reconstituting the significant combinations of nAChR
subunit co-expression (see Table 4) into HEK 293 cells. Studies using cultured HEK cells
benefit from the finer controllability of diffusion rates and drug application concentrations
upon the interneurons versus interneurons within the brain slice. Findings from
electrophysiological recordings in response to pharmacological application (for example,
sensitivity of the nAChRs to application of nicotine or β-amyloid peptide) can then be used
to elucidate the characteristics and contributions of the significant nAChR subunit coexpression combinations identified in this study (see Table 4). These studies will help us
understand the role of nAChRs in modulating hippocampal functions.
Further studies to analyze the functional effects and contributions of interneurons
containing specific 2-, 3-, and 4-way combinations of nAChR subunits will help us to
understand the role of nAChRs in modulating hippocampal function and may identify
networks or subpopulations in the hippocampus and throughout the CNS affected in the
pathogenesis of neurodegerative diseases and ultimately give rise to the discovery of
treatments that prevent or abate these disorders.
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APPENDIX A
Electrophysiology
One of the aims, as outlined in my graduate prospectus, was to characterize interneurons
electrophysiologically by performing whole-cell patch-clamp current recordings on fifteen interneurons (Parra,
Gulyas et al. 1998). Electrophysiological recordings were obtained for 32 interneurons, all of which were
subsequently analyzed for the eleven target mRNAs plus 18s mRNA via quantitative real time RT-PCR. Of
these original 32 recordings however, only 12 passed the negative control tests for our 18s reference gene
versus ACSF bath samples. Screenshots of the 12 electrophysiological current-clamp recordings (traces at
+125pA) are listed below. Only three of the 12 interneurons were from the stratum oriens, the rest were
aspirated from the stratum radiatum.
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